For the first time polyphosphate (poly P) granules have been detected in Helicobacter pylori organisms colonizing the gastric antrum as well as in organisms isolated from the same tissue. Poly P granules showed typical sublimation characteristics during exposure to the electron beam and chipped out of ultrathin sectioning. A prominent phosphorus signal was identified using elemental specific electron microscopy such as electron energy loss spectroscopy (EELS) and was localized to at least three different locations: the cytoplasm, the flagellar pole and in association with the cell membrane. Intracytoplasmatic structures had a diameter of 0.05-0.2 pm, whereas the structures near the flagellar pole were much smaller (0-02 pm). The membrane-associated phosphate aggregates were visible only after staining with Pb(NO,), or with electron spectroscopic imaging (ESI). Poly P granules seem to be important energy and phosphorus stores and it is thought that they participate in the regulation of various and distinct metabolic processes of H. pylori.
Introduction
Little is known about the basic metabolism of Helicobacter pylori and how this organism gains energy from substances that are naturally available in the stomach. However, nutrients from the stomach lumen seem not to be the major energy source for these bacteria, because they are normally found within the mucus layer, deep in the gastric pits or in association with epithelial cells (Hazel1 et al., 1986; Bode et al., 1988) .
In the laboratory, H. pylori is grown on relatively nutrient rich and supplemented culture media. The culture techniques used have ' domesticated' H. pylori by providing optimal conditions for growth, rather than addressing the real need for growth and energy supply. H. pylori grows on enriched media containing complex organic constituents such as blood, peptones and yeast extract, and some of them, such as soluble starch, foetal calf serum and activated charcoal, stimulate growth (Buck & Smith, 1987; Westblom et al., 1991) . A salient observation is that H. pylori can grow on media essentially free of carbohydrates. The inability to oxidize or ferment sugars is a characteristic feature shared by *Author for correspondence. Tel. +49 731 5023445; fax +49 731 5022038.
Abbreviation : Poly P, polyphosphate. most members of the genus Campylobacter (Tompkins et al., 1989) .
H. pylori possesses a prominent urease activity, the prime function of which is to supply nitrogen from urea. How H . pylori fulfils its carbon and energy needs is still not known. Nor are there data available which shed light on the phosphorus supply of H. pylori. In this paper, we describe for the first time the presence of polyphosphate (poly P) aggregates in H . pylori cells. Our purpose was to identify and characterize structures in H . pylori by histochemical and electron microscopic techniques.
Methods
During endoscopy, antral biopsies were obtained from the lesser gastric curvature of H. pylori-positive patients. Tissue samples were used for histology and electron microscopy, for isolating H . pylori, and for the urease test (CU-Test, Temmler Pharma).
Growth medium and culture conditions. Biopsies for culture were placed in a transport medium (Port-a-CUL, Becton-Dickinson) and homogenized immediately. The homogenates were plated on WilkinsChalgren blood agar plates, supplemented using the method of Skirrow (1977) . Cultures were incubated at 37 "C for 2 to 3 d under microaerophilic conditions. For subculturing, strains were transferred into liquid media containing Brucella broth (Difco) and 6% (v/v) foetal calf serum and incubated for 2 d under constant conditions in a shaking incubator. H . pylori strains were identified by routine microbiological tests. Ultrathin sections. Preparation of cultured H . pylori for electron microscopy was carried out according to the method described for tissue samples.
Polyphosphate staining. The specific staining of polyphosphates was carried out by a method described by Jensen (1968) . After fixation in cacodylate-buffered 2-5 YO (v/v) glutaraldehyde (pH 7-4, 0.1 M), cells were thoroughly washed and placed in 20 YO (w/v) Pb(NO,), for 4 h at pH 3.5 (adjusted with 0.1 % acetic acid) and then in 1 YO (w/v) (NH,),S for 30 min. Each step was followed by rinsing with distilled water. Another set of samples were postfixed with a 1 O/ O (w/v) OsO, solution. Some samples were treated with ice-cold 10 YO (v/v) trichloracetic acid (TCA) to extract polyphosphates and then stained according to the procedure described above.
Element-specific electron microscopy. For electron spectroscopic imaging (ESI) and electron energy-loss spectroscopy (EELS), ultrathin sections (1 5-25 nm) were collected on uncoated 700 mesh grids and examined without further staining in a CEM 902 spectroscopic electron microscope (Carl Zeiss) equipped with an image analysis system from Kontron.
The EELS spectra of poly P aggregates were recorded with an integrated prism-mirror spectrometer. A photomultiplier system (PMT) recorded the electron intensities. The analogue signals of the detector were digitized by a digital multimeter (Hameg Instruments) and fed into a computer in order to plot relative intensities against corresponding energy losses. To reduce beam damage, areas for spectra recording were selected with a reduced beam current. Elements were identified by analysing the specific energy losses of electrons that are scattered by the atoms of the investigated structures. ESI shows the local distribution and variations in concentration of a selected element using the specific energy loss of the electrons (Harauz & Ottensmayer, 1984; Bauer, 1988) . 
Conventional electron microscopy
In tissue samples of patients, poly P granules could be detected in four of the five strains examined. Fig. l(a) shows prominent highly electron dense structures within the cytoplasm which often tend to chip out in sections. Cultured H. pylori also showed these characteristic structures.
The electron dense structures have clear-cut margins which do not seem to possess a bounding membrane (Fig. 1 b) . Nevertheless, they were markedly different in their shape and morphological organization. Some of the poly P granules may be loosely packed, leading to an amorphous appearance. Some were more compact and electron opaque. Even for granules displaced during cutting the margins of the granules were sharp. After exposure of the granules to high electron beam intensity, they showed sublimation characteristics and disintegration depending on the time of exposure. This phenomenon was not so obvious in smaller granules.
H. pylori organisms contained different classes of poly P granules. They may be subdivided according to their structure and size and/or according to their location (Table 1) .
The largest granules were found within the cytoplasm and had a range of diameters from 0.05 pm to 0-2 pm. The granules close to the flagellar pole were relatively homogeneous in morphology and size with an average diameter of about 0.02 pm (Fig. 2) .
Other poly P stores could be detected only after specific staining with lead salts. The application of 20% (w/v) Pb(NO,), at low pH demonstrated reaction product in association with the cell membrane of H. p.vlori cells. These structures were generally smaller than the other granules (Fig. 4u) .
Element speclJic electron microscopjj
Electron energy loss spectroscopy of poly P granules demonstrated the presence of phosphorus (Fig. 3 a) . The EEL spectrum of an intracytoplasmatic granule (encircled in Fig. 3b) showed a typical energy loss at 132.5 eV. Using this technique and the specific energy loss for phosphorus, phosphorus stores were also detected and mapped in association with the inner cell membrane without specific staining (Fig. 4b) . Thus, we were able to confirm the results shown in Fig. 4(a) by the ESI technique (Fig. 4b) .
Discussion
Our results describe and characterize for the first time poly P structures in H. pylori. These structures were demonstrated in cultured organisms as well as in those found in gastric and duodenal tissue. The presence of poly P has been reported in more than 100 different species of bacteria (Harold, 1963 ; Friedberg & Avigad, 1968; Noegel & Gotschlich, 1983; Skorko, 1989; Kjeldstad et al., 1991) but so far has been described for H. pylori by our group only. Although these structures are visible in numerous published electron micrographs of H. pylori, they are not further mentioned or discussed. Similar structures are found in the Helicobacter species H . mustelae, H. felis, H. suis, H. nemestrinae and H . heilmannii Fox & Lee, 1989; Bronsdon et al., 1991; Paster et al., 1991) .
Metachromatic staining and the typical sublimation characteristics after exposure to the electron beam, as well as the elemental composition clearly identify the structures observed by us as polyphosphates.
However, not all bacteria within a population of H. pylori show poly P granules and not all such granules have the same morphological appearance. This suggests that the granules develop in a distinct phase of the growth cycle of H. pylori and accumulate under certain growth conditions. Some organisms such as Aerobacter aerogenes accumulate poly P only under conditions that are adverse for growth (Harold, 1963) , whereas others, such as Pseudomonas shermanii, appear to accumulate poly P during exponential growth (Kulaev & Vagabov, 1983) . However, other workers consider that during exponential growth nucleic acid synthesis inhibits polyphosphate deposition and stimulates its degradation so that no significant poly P accumulation can occur (Lyons & Siebenthal, 1966; Rao et al., 1985) .
It is likely that there are different functions for poly P in different organisms and for any individual organism these structures may have several functions (Harold, 1966; Kulaev & Vagabov, 1983) . This may be due to the specialized localization of poly P. The most prominent pool of poly P is the intracytoplasmatic polyphosphate granule. This structure may truly represent a reservoir for stored energy and phosphorus and may be regarded as an alternative energy source when ATP is in short supply (Dawes & Senior, 1973) . Poly P has a low solubility in water and therefore does not affect the osmotic pressure within bacteria (Wood & Clark, 1988) .
Besides the large globular particles within the cytoplasm, the other locations are of special interest: the small electron dense particles close to the flagellar insertion and the smaller aggregates in association with the membranes. Energy stored in poly P close to the flagellar pole may be essential for processes like the energy consuming motility of H. pylori (Berg & Turner, 1979; Cobley & Cox, 1983) . Poly P aggregates in association with the cell membrane may be involved in maintenance of the integrity of the cytoplasmic membrane (Skorko, 1989) .
Poly P located in association with the cytoplasmic membrane could be detected only by the sensitive method of ESI with the typical energy loss for phosphorus.
Histochemical staining methods cannot demonstrate such small amounts of aggregated phosphate. Staining with Pb(NO,), can only detect large aggregates (Fig. 4a) and others may be solubilized and washed out during the preparation steps for conventional electron microscopy (Tijssen et al., 1985) .
In conclusion, our results demonstrate poly P aggregates in at least three different pools of H. pylori. Their physiological function in H . pylori is believed to play a role which embraces energy reserve, phosphorus reserve and metabolic regulator purposes.
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